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SUMMARY

Studies of various factors affecting the subsonic drag due to 1lift of
thin highly swept wings indicate that wings having sharp leading edges
exhibit low values of leading-edge suction, and no significant change in the
suction is evident with increasing Reynolds number. Wings incorporating
leading-edge radii exhibit 90-percent suction at Reynolds numbers (based on
leading-edge radius) above 20 000. The suction developed by highly swept
wings falls off considerably with 1lift coefficient even at relatively high
Reynolds numbers, and realistic drag estimates should include this effect.
Additional systematic studies are needed to assess the effects of Mach num-
ber on leading-edge suction.

INTRODUCTION

Because of the highly swept and relatively sharp leading edges for wing
designs of interest for supersonic aircraft such as the proposed supersonic
transport, a knowledge of the various factors affecting the drag due to 1ift
at subsonic speeds is becoming increasingly necessary. In view of this
interest, an investigation was conducted to determine the effects of Reynolds
number, lift coefficient, and wing leading-edge radius on the drag due to
1ift of a series of thin, highly swept, low-aspect-ratio wing-body configu-
rations. The purpose of this discussion is to review some of the results of
this investigation.

SYMBOLS
A aspect ratio
b wing span
c wing chord
¢ mean geometric chord
Cp drag coefficient
LCp : drag due to 1ift
CD,i induced drag coefficient
Cp,o drag coefficient at zero lift
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profile drag coefficient due to 1lift

drag-due-to-1ift parameter

1ift coefficient
optimum 1ift coefficient
normal -force coefficient

suction force coefficient

resultant force vector

maximum lift-drag ratio

Mach number
Reynolds number based on &, pVE/u
Reynolds number based on r, pVpr/u

average leading-edge radius

leading-edge-suction parameter

free-stream velocity

velocity component measured normal to wing leading edge,

spanwise coordinate
angle of attack

induced angle of attack

circulation strength

leading-edge flap deflection (positive leading edge up), deg

wing leading-edge sweep angle, deg
coefficient of viscosity

density




DISCUSSION

Scope of Investigation

The scope of this wind-tunnel investigation is shown in figure 1. The
test conditions provide for Mach numbers less than 0.3 and Reynolds numbers

(based on the wing mean-geometric chord) ranging from about 1 X lO6 to

20 x 105, The wings, which were tested in combination with a fuselage, vary

in leading-edge sweep from 49° to T4° and the aspect ratio varies from 4.02 to
1.33. All these wings had symmetrical airfoil sections; the T4° swept wing had,
in addition, a 15-percent-chord leading-edge flap and a warped section designed
for supersonic cruise. The first series of wings had standard 63A and 65A air-
foil sections, whereas the second series of wings had flat-plate sections. In
this second series of wings, the wings shown in figure 1 on the center right
were obtalned by removing a portion of the trailing edge from the wings shown
on the center left. A portion of the leading edge of these wings could also be
changed in order to vary the leading-edge sweep, the leading-edge profile shape,
and the wing aspect ratio. The leading-edge profile shape was varied from sharp
to nearly round. The thickness for these wings varied between 3 and 5 percent
chord.

The wind-tunnel studies were made in the Langley low-turbulence pressure
tunnel. Because of tunnel limitations, the Mach numbers were limited to 0.30.
As a result, only a brief discussion of Mach number effects is included herein.

Boundary~Layer Transition

For the purpose of insuring turbulent flow on these wings, transition
strips were placed on the upper and lower surface of each wing panel. The size
and location of the transition particles needed to provide fully turbulent flow
rearward of the strips were determined by the methods discussed previously in
paper no. 2 by Braslow, Hicks, and Harris.

The significance of fixing transition on a wing surface as regards the
drag due to 1lift is illustrated in figure 2. The variations of the drag with
Reynolds number, at 1lift coefficients of O and 0.3, are presented for a wing
with fixed and free transition. The transition strips were added near the
leading edge of this wing so as to obtain the correct value of drag at zero
lift. The transition strip, of course, would not be expected to affect leading-
edge separation. These data show that at zero 1lift and low Reynolds numbers
the wing with free transition exhibits a lower value of drag than the wing with
fixed transition. As the Reynolds number is increased, the point of natural
transition moves forward on the wing with the result that the difference in
drag is considerably reduced. At the higher 1ift coefficlent the point of
natural transition is presumed to be near the nose of the wing inasmuch as
values of drag for this wing are the same as for the wing with fixed transition.

It is evident from these data that the wings with fixed and free transi-

tion will exhibit values of drag due to 1lift which are somewhat different.
Therefore, if correct values of drag due to lift are to be obtained, care must
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be taken to select transition particles of proper size to provide fully turbu-
lent flow over the wing. (See ref. 1.)

Leading-Edge-Suction Parameter

Of the several parameters available for drag-due-to-lift analyses, the
one to be used in this paper is the effective leading-edge suction. The defi-
nition of this parameter and reasons for its choice are demonstrated in fig-
ure 3. This parameter is referred to as "effective leading-edge suction”
because, for the highly swept thin wings under consideration, the departure from
the full suction theory is associated primarily with leading-edge separation.
It should be noted that the subsequent use herein of an effective suction
includes all the profile drag due to lift CD,p' The drag-coefficient varia-

tion with 1ift coefficient is presented for two flat-plate wings with identical
leading-edge shape but of different aspect ratio and taper ratio. The wing on
the right of the figure was obtained from the wing on the left by removing a
portion of the wing trailing edge.

In both plots, the upper curve is for zero percent suction, and the lower
curve is for 100 percent suction. The experimental data are shown by the cir-
cular test points. As indicated by the force diagram, the zero percent suction
curve corresponds to the condition when the resultant-force vector is normal to
the chord, as a result of extensive separation at the wing leading edge. The
drag-due-to-1lift coefficient for this condition is Cp tan a. ®For 100 percent

suction, the drag-due-to-lift coefficient is the potential flow induced vortex
drag and is indicated as CD,i in the vector diagram. The drag-due-to-lift
coefficients for 100 percent suction were determined from a modified Multhopp
subsonic lifting surface theory. For an elliptically loaded wing this value
would be the classic CLe/nA.

The effective leading-edge-suction parameter s 1is defined as the experi-
mentally measured suction in percent of the total theoretical suction; that is,
it locates the experimental data relative to the two theoretical boundaries and
is given by the following equation:

Cp tan a - (CD - CD,o)
A1

Cr tan o - A L/ Tas 4 ~_
L ot (b/Q)

X 100

For these wings, the effective suction level is approximately 18 percent
and indicates that for these wings with identical leading-edge shape the suc-
tion parameter s 1s independent of aspect ratio and taper ratio.

Another method of analysis based on use of the coefficient of profile drag
due to lift CD,p does not show this independence of aspect ratio and taper
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ratio, as is 1llustrated in figure 3, where at Cp = 0.3, the wing on the right
had a CD,p that 1s 30 drag counts higher than the wing on the left.

Because the leading-edge-suction parameter tends to eliminate the effects
of aspect ratio and taper ratio, this parameter s was chosen to analyze the
drag-due-to-1lift characteristics presented. For the warped wings of this inves-
tigation the suction parameter was determined by using a value of CD,o from

an equivalent flat wing, whereby camber drag was eliminated from the analysis.

Sharp-Leading-Edge Wings

For supersonic speeds, the requirement for acceptable performance dictates
the use of thin highly swept wings, and for a wing with a supersonic leading
edge, use of a sharp leading-edge section. A sharp leading edge, of course, 1is
not conducive to low values of drag due to 1ift at subsonic speeds, as is illus-
trated in figure 4. The variation of leading-edge suction is presented as a
function of Reynolds number for a 67° swept wing in the left plot, and the var-
iation of suction with wing sweep for several sharp-edge wings 1s shown in the
right plot. The values of s shown in this figure and in most of the following
figures were taken at the lift coefficient for (L/D),,, and are designated
CL,opt' .

These data show that the 67° swept wing exhibits low values of suction,
and only a slight increase with Reynolds number is evident. All the sharp-edge
wings of the present study, shown as the circular symbols on the right of fig-
ure 4, exhibited the same trend of only slight variations of s with Reynolds
number that is shown by the data for the 6T° swept wing on the left. As a
result, the suction parameter can be plotted as a function of wing sweep angle
independent of Reynolds number. The data for the 6T° swept wing presented on
the left of this figure is also included on the right as the solld symbol. The
datae shown by the square symbols were obtained from references 2 to 5. These
data again show that sharp-edged highly swept wings exhibit low values of suc-
tion. Even for low values of wing sweep, suction values no higher than about
50 percent are evident.

Configuration Modifications

Several features that can increase the effective suction can be incorpo-
rated into a wing design. Two of these features are shown in figure 5. This
figure shows the effect of leading-edge flaps and wing warp on the variation of
the leading-edge suction with Reynolds number for a T4° swept wing configura-
tion. These data show that both leading-edge flaps and wing warp increase the
values of suction over that obtained on the symmetrical, sharp-leading-edge
wing. Although an increase in suction was obtained, still only a slight
increase with Reynolds number is evident. The suction obtained for the warped
wing shows a value of about 40 percent. Since the warping of this wing was
designed from supersonic rather than subsonic considerations, values of suction

331



v

I

M

substantially less than 100 percent are not surprising. Further increases in
the effective suction can possibly be obtained on the warped wing by incorpo-
rating a leading-edge flap; however, the total increment shown for the symmet-
rical wing may not be obtained for the warped wing.

A third feature that provides increases in the leading-edge suction is use
of a wing leading-edge radius. .Figure 6 presents the variation of s and
(L/D)pax With Reynolds number for a highly swept wing with a sharp and a round

leading edge. These data indicate that the wing with the round leading edge
exhibits large variations of s with Reynolds number, whereas the wing with
the sharp leading edge results in relatively constant values of s. The sig-
nificance of this result in.terms of the variation of (L/D)max with Reynolds

number for these two wings is shown in the right-hand plot of this figure. The
dashed lines represent lines of constant drag due to lift. For the wing with
invariant suction the change in (L/D)max with Reynolds number is the result

of the change in skin-friction drag. However, for the wing with the round
leading edge only about 1/3 of the increase in (L/D)pax can be attributed to

the reduction in skin-friction drag and the other 2/3 to the reduction in drag
due to lift. Tests at supersonic speeds on a wing of sufficient sweep to have
the leading edge swept behind the Mach line (i.e., a subsonic leading edge)
have indicated that a leading-edge radius of approximately the same percentage
of the wing chord as shown in this figure could be added without imposing a
loss in performance (ref. 6). '

The previous discussion has shown that using the leading-edge-suction .
parameter tended to eliminate some of the effects of planform in an analysis
of the drag due to 1lift, as long as the conditions at the leading edge of the
wing are the same. This result suggests that in attempts to correlate the
wind~tunnel data use might be made of a parameter which considers only the
leading-edge conditions. The parameter used in this analysis is a Reynolds
number based on the velocity component and an average leading-edge radius, both
measured normal to the leading edge of the wing. A correlation of the wind-
tunnel data by use of this Reynolds number is shown in figure 7. In this fig-
ure, the suction parameter s 1s presented as a function of the leading-edge
Reynolds number Rle' The data shown are for the symmetrical wings shown in

figure 1. These wings have thickness ratios between 3 and 5 percent chord and
leading-edge sweep angles between 49° and T73°. These data indicate that about
90 percent suction can be obtained on highly swept thin wings at Reynolds num-
bers (based on leading-edge radius) above 20 000.

Earlier correlations obtained by using transition-free data have shown
somewhat different results, especially in the low Reynolds number range. (See
ref. 7.)

Effect of Lift Coefficient and Mach Number

The preceding summary figures have shown the effects of some configuration
variables on the leading-edge suction taken at CL,opt and at low Mach numbers,
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Several other effects should be considered. The first, which is shown in fig-
ure 8, is the variation of suction with lift coefficient for 45° and 62° swept
wings at several Reynolds numbers. The data for the 450 swept wing, which were
obtained from reference 1, show that increasing the Reynolds number results in
an increase in the suction at CL,opt’ and these high values of suction can be

maintained to significantly higher 1ift coefficients before separation effects
cause the suction to diminish. However, for the 62° swept wing, leading-edge
separation occurs at relatively low 1lift coefficients so that even at the higher
Reynolds numbers, high values of suction can be maintained over only a small
lift-coefficient range. Simple sweep theory would indicate the same effects
shown by these data; that 1s, separation effects causing losses in suctiocon
wcelld occur at significantly lower 1ift coefficients for the highly swept wing.
T should be emphasized that because of the large variations of suction with
1ift coefficient exhibited by these wings, the use of a constant value of suc-
tion (for example, the value obtained at CL,opt) in defining the entire drag

polar would give dangerously optimistic results.

In paper no. 3 of this conference, D. L. Loving suggested that the loca-
tion of the transition strips can significantly affect the separation charac-
teristices behind the strip. However, for these thin wings at low speeds the
large loss of effective suction at the higher 1ift coefficients is primarily
associated with leading-edge separation, and it is not expected that the posi-
tion of the transition strips would significantly affect these results.

Another effect to be considered is that of Mach number on the leading-edge
suction, as shown in figure 9. A search of the literature indicated that data
are very scarce from systematic investigations, in the high-subsonic-speed
range, of the effects of leading-edge radius, Reynolds number, and wing plan-
form for highly swept wing-body configurations which have transition fixed at
the leading edge of the wing. Therefore, only a limited analysis of the Mach
number effects, based on the data presented in this figure, is possible. These
data were obtained from reference 1. In this figure, the suction parameter is
given as a function of Mach number for 45° and 63° swept wings, both wings
having 5-percent-thick symmetrical and conically cambered airfoil sections.
These data show that the suction varies very slightly with Mach number for the
symmetrical wings. However, for the conically cambered 450 swept wing, although
substantial improvement is provided at low speeds, losses in suction appear at
Mach numbers above 0.7 until at a Mach number near 1.0 the cambered and sym-
metrical 45° swept wings have nearly the same value of s. For the delta wing,
the benefits of camber are maintained to the highest Mach number of the tests
because of the high critical Mach number associated with the higher leading-
edge sweep angle. The limited results shown are applicable only to these wings,
in that changes in the alrfoil section or wing planform could significantly
alter these results. Additional systematic results are needed to complete this
study.

With regard to these Mach number dependent data, it should be noted that
for higher 1ift coefficients, if shock stall is encountered, the method of
fixing transition utilized in this study may not provide reliable aerodynamic
data, as has been pointed out previously in paper no. 3 by Loving.
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CONCLUSIONS

Studies of various factors affecting the subsonic drag due to lift of
thin, highly swept wings indicated the following conclusions:

1. Wings having sharp leading edges exhibit low values of leading-edge
suction, and no significant change in the suction with increasing Reynolds num-
ber is evident.

2. Wings incorporating leading-edge radius exhibit approximately 90 per-
cent suction at Reynolds numbers (based on leading-edge radius) above 20 000.

3. The suction developed by highly swept wings 1s considerably reduced as
lift coefficlent 1s increased, even at relatively high Reynolds numbers; and
realistic drag estimates should include this effect.

4, Additional systematic studies are needed for a more comprehensive under-
standing of the effects of Mach number on leading-edge suction.
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CHOICE OF PARAMETERS
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EFFECT OF LEADING-EDGE FLAPS AND WING WARP

C_ opt; M<0.30
e
g—p— — e T
f~" SYMMETRICAL 3, =0°
oo % SECTION - f
3,
DEG
50F -3¢0 o———-0—0 ~ WARPED:
SYMMETRICAL
0 O———O0-0—0=0 O OO0
0 1 1 L I 1 1 L J
I 2 a4 10 20x10° | 2 4 0 20xi0®
Rg Rz
Figure 5
EFFECT OF LEADING-EDGE SHAPE
C_ opts M< 030
10— A=67°
_____ 1 A=20
% 12r
r,%c
100 058 y
l:/Dﬂﬂ—-CI 8+ Z- .
L D,i
(B) ——2 = CONSTANT
50t max aC
O———0-00—0 0 ar
0 1 1 I I ' ] ] s
I 2 4 10 20xi0® (2 4 10 20xI08
R. R_
Cc [
Figure 6

337

"‘y ¢ ’I'



CORRELATION OF s
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